The replicator region of the 195-kilobase-pair (kb) tumor-inducing plasmid pTiB6S3 was previously identified by isolation of a 6.8-kb miniplasmid (B. P. Koekman, P. J. J. Hooykaas, and R. A. Schilperoort, Plasmid 7:119-132, 1982). This miniplasmid was joined to ColEl-based vectors and subjected to mutagenesis. The resulting mutant plasmids were examined for their ability to replicate autonomously in Agrobacterium tumefaciens. It was found that a 4.2-kb region was sufficient for displaying replication characteristics similar to those of the parental pTiB6S3. Nucleotide sequence analysis of this 4.2-kb region revealed the presence of three possible reading frames in the same direction (repA, repB, and repC). Proteins coded for by these frames were identified by in vitro synthesis in a coupled transcription-translation system. The replicating ability became attenuated by repA and repB mutations but was completely abolished by repC mutations. The size, arrangement, and mutational effects of the three rep genes were quite similar to those of the rep genes that were previously identified in the hairy root-inducing plasmid pRiA4b. However, defects caused by rep mutations in one plasmid were unable to be complemented by corresponding functions in the other plasmid.
Crown gall and the related disease hairy root are caused by Agrobacterium tumefaciens and A. rhizogenes, respectively. These bacteria possess large plasmids called tumorinducing and root-inducing plasmids, respectively (designated pTi and pRi, respectively). Portions of pTi and pRi DNAs are transferred into plant cells and then integrated into their nuclear genomes. The transferred DNA (T-DNA) carries genes which control tumor morphology. The T-DNA also contains genes which direct the synthesis of unique amino acid derivatives called opines. Imperfect 25-base-pair (bp) direct repeats flanking the T-DNA are requisite in cis for transfer. A set of plasmid genes (vir) essential for virulence is located outside the T-DNA. Despite the resemblance in these characteristics, the similarity of the nucleotide sequences between these two plasmids is limited to specific areas. In addition, pTi and pRi belong to different incompatibility groups and can be maintained stably together in a single bacterium (for reviews, see references 9 and 16). By isolation of miniplasmids the replication and incompatibility regions (replicator regions) of the octopine-type plasmid pTiB6S3 and the agropine-type plasmid pRiA4b have been localized (10) (11) (12) 17) . To understand the molecular basis of pTi and pRi replication and to help in the construction of vectors for use in the Agrobacterium delivery system, we have introduced various mutations within the replicator region of pTiB6S3, determined the gene organization, possible functions, and nucleotide sequence of the pTiB6S3 replicator, and compared these characteristics with those previously published for the pRiA4b replicator (17) . Complementation analysis was also performed between pTi and pRi replication mutants.
MATERIALS AND METHODS
General methods. Methods for transformation with Escherichia coli and A. tumefaciens, preparation of plasmid DNA from E. coli and A. tumefaciens cells, restriction endonucle- thus judged to belong to different incompatibility groups. In the latter case, transformants had lost the resident plasmid or contained a cointegrate between the two plasmids, and the two plasmids were thus judged to belong to a single incompatibility group. Plasmids carried by transformants were determined by the rapid plasmid detection procedure with several colonies because all ein+ pTi plasmids used carried no selective marker. When ein mutants (Kmr or Cbr) were used as resident plasmids, transformation always occurred at a normal frequency. The unselected markers of transformants for resident plasmids were then tested. If a resident plasmid was retained in or was expelled from transformants, the two plasmids were judged as compatible or incompatible, respectively. Complementation of rep genes between pTi and pRi. A pTi rep mutant (Kmr) was introduced by transformation into GV3101 and GV3101(pAO224), and transformants were selected on kanamycin-containing agar plates. When transformation occurred (or did not occur) with the two recipient strains almost identically with regard to the size and number of transformant colonies, the pTi rep mutation was judged to be noncomplemented by the pRi rep genes carried by pAO224. When transformation occurred only with GV3101(pAO224) or when transformant colonies with GV3101(pAO224) were larger than those with GV3101, the pTi rep mutation was judged to be complemented by the pRi rep genes. Complementation by reverse combinations was also carried out with pRi rep mutants (Km) instead of pTi rep mutants and with GV3101(pAO359) (see Results) instead of GV3101(pAO224).
Nucleotide sequence determination. Replicative-form DNA of M13mpl8 or M13mp19 was joined to DNA fragments which were to be sequenced and into which deletions of various sizes were to be introduced by the unidirectional progressive deletion procedure (21) . Each deletion clone was sequenced by the chain termination method (18) Fig. 1 . By use of appropriate cleavage sites, various deletion derivatives from either pTi-l(I) or pTi-l(II) were constructed and named pTi-2 to pTi-8. In addition, a 4-bp insertion was introduced both at the MluI site (pTi-9) and at the BamHI site (pTi-10) by filling in of the respective restriction cohesive ends followed by religation. Similarly, an XbaI linker of 8 bp was inserted at the Stul site (pTi-11). The structures of the pTi moiety in all of these derivatives are illustrated in Fig. 1 .
Replicating ability of pTi-1 to pTi-11. The possible Rep function of each plasmid described in Fig. 1 (12) .
Incompatibility properties of pTi-2 and pTi-5. The incompatibility properties of pTi-2 were tested by introduction of the plasmid (Kmr selection) into Agrobacterium cells carrying pAO359 (a Cbr Kms plasmid equivalent to pTi-1), pAL2821, pTiC58, pTiB6S3, pTiA6, pTiBo542, or pAO224 (see Materials and Methods). pTi-2 exerted incompatibility toward all of the plasmids except for pTiBo542 and pAO224 by ejecting the resident plasmid or by forming a cointegrate with the resident plasmid. pTi-2 was completely compatible with pAO224, and both plasmids were stably maintained without selective antibiotics, as were the parental pTiB6S3 and pRiA4b (2, 20) . Bacterial cells carrying pTi-2 and pTiBo542 lost pTi-2 but not pTiBo542 at a considerable frequency in the absence of kanamycin, and pTi-2 behaved as if it were a Rep1 mutant, suggesting that pTi-2 is partially incompatible with pTiBo542. A smaller plasmid, pTi-5, exhibited the same incompatibility characteristics as pTi-2. Therefore, the incompatibility functions of pTiB6S3 (or at least the most important one) are determined by the HindIIISplI region of 1.8 kb. Conversely, when pAO359 or pAO224 was introduced by transformation (Cbr selection) into Agrobacterium cells carrying pTi-2 or pTi-5, each resident plasmid was expelled by pAO359 but not by pAO224, indicating that this same 1.8-kb region also contains the target site for pTiB6S3 incompatibility.
Nucleotide sequence of the HpaI-SplI replicator region. To clarify the gene organization of the replicator region, we sequenced both strands of the 4.2-kb HpaI-SpIl region in their entirety by the chain termination method (18) . The sequencing strategy is shown in Fig. 2 . By arranging overlapping sequences of both strands, we determined the nucleotide sequence of the HpaI-SplI region (Fig. 3) . The nucleotide numbers used in Fig. 3 correspond to the scales in Fig.  1 and 2 . Judging from the relative locations of initiation and termination codons for protein synthesis in all of the possible reading frames, the 4.2-kb region encodes three high-molecular-mass polypeptides of 44.5, 37.9, and 48.4 kilodaltons (kDa), all of which are transcribed in the same orientation, from left to right (Fig. 1) . These proteins were named RepA, RepB, and RepC, respectively, and their amino acid sequences are shown under the nucleotide sequence in Fig. 3 . The amino-terminal amino acid residues for the three Rep proteins were not directly determined, and the initiation codon for each protein was assumed to be the 5'-most one, which was accompanied by a potential ribosome-binding sequence (19) . No other open reading frame longer than 400 bp was found in this 4.2-kb region. Furthermore, no significant direct and inverted repeats, which are frequently located at the origin regions of many replicons, were present.
Identification of the three Rep proteins. In an attempt to confirm the nucleotide sequence data and to visualize the three putative proteins, we synthesized polypeptides with an E. coli-coupled transcription-translation system (22) . The exogenous templates used were covalently closed circular plasmid DNAs in which restriction fragments (nucleotide positions -577 to 2391, nucleotide positions 1489 to 3175, and nucleotide positions 2386 to 4568) containing each of the putative repA, repB, and repC genes were separately placed downstream of either the lac promoter on pAO254 and pHSG298 or the tac promoter on pKK223-3. The polypeptides synthesized were resolved on sodium dodecyl sulfatepolyacrylamide gels (Fig. 4) . pAO254::repC and pAO254:: repA directed the synthesis of proteins migrating at approximately 48 and 42 kDa, respectively, in addition to a protein of 26 kDa (Fig. 4, lanes 1 and 2) . pHSG298::repB produced bands of 38 and 28 or 27 kDa (Fig. 4, lane 3) . pKK223-3::repC and pKK223-3::repB produced, besides a 29-kDa band, the 48-kDa band and the 38-kDa band, respectively, but at severalfold-higher intensities than those observed with the lac promoter (Fig. 4, lanes 4 and 5) . The 26-, 28-or 27-, and 29-kDa bands presumably correspond to the gene products of Tn5 kan, Tn9O3 kan, and Tn3 bla, respectively, because they also appeared with the vector DNAs of pAO254, pHSG298, and pKK223-3, respectively (data not shown except for pKK223-3). The insertion of an oligonucleotide at the MluI site in repA, at the BamHI site in repB, or at the StuI site in repC led to the disappearance of the 42-, 38-, or 48-kDa band, respectively (data not shown). Furthermore, the observed molecular sizes were consistent with those calculated from the nucleotide sequence data. These results clearly indicate that the 42-, 38-, and 48-kDa bands correspond to the RepA, RepB, and RepC proteins, respectively. When the rep genes were improperly oriented in the expression vector, no Rep protein bands or only trace amounts of Rep protein bands were detected (data not shown), revealing that the majority of rep expression observed here occurred from the lac and tac promoters and not from the rep promoters.
Complementation between pTi and pRi rep genes. The size, arrangement, and mutational effects of the pTi repABC genes described above were quite similar to those of pRiA4b previously reported (17) . The amino acid sequences of the RepA, RepB, and RepC proteins in these two plasmids were not, however, so highly conserved, as can be seen in the dot matrix analysis (Fig. 5) . To examine whether each of these Rep proteins is interchangeable with the corresponding one in the other plasmid, we performed complementation tests as described in Materials and Methods. None of the rep mutations was complemented by the corresponding functions in the other plasmid. Since neither the oligonucleotide insertion mutants nor the deletion mutants could be complemented, the negative results were not due to additional defects in cis-acting functions carried by the rep deletion mutants (e.g., loss of the origin sequence). Thus, it was concluded that each of the Rep proteins of pTi fails to correct the defect caused by mutations in the corresponding genes of pRi and vice versa.
DISCUSSION
In this report, pAL2821, a previously constructed minipTiB6S3 plasmid (11) , was joined to a ColEl-based vector, and the replicator region of pTiB6S3 was dissected by trimming the resulting chimeric plasmids or by introducing oligonucleotide insertion mutations. It was shown that the HpaI-SplI region of 4,203 bp was sufficient for the Rep function of pTiB6S3. Only three protein-coding frames longer than 400 bp were identified in this region from the nucleotide sequence data, as is the case for pRiA4b (17) , and three polypeptides corresponding to these frames were identified by using an E. coli-coupled transcription-trans- lation system in vitro. Since there are several examples indicating that the signals for the initiation of transcription and translation in E. coli and A. tumefaciens overlap at least partly (e.g., see references 3, 5, and 19), these proteins are likely to be synthesized in Agrobacterium cells, too, and directly contribute to the Rep function. However, their actual expression in Agrobacterium cells would occur at a low efficiency, because the synthesis of three Rep proteins was well detected in vitro only when rep was placed in the appropriate direction downstream of the lac or tac promoter.
Both of the deletions in repC and the 8-bp insertion in repC completely destroyed the Rep function. In addition, pTi-5 and pT-4, each carrying only repC and truncated repB, were able to replicate, although at a low efficiency. Therefore, RepC is likely to be the principal initiation protein.
In contrast to the marked effects of repC mutations on the Rep function, disruption of repA or repB by an oligonucleotide insertion led to only a slight instability of the plasmids in Agrobacterium cells. Deletions in repA or repB, however, affected plasmid stability more seriously than did oligonucleotide insertions, although there was little correlation between the deletion size and the instability of the mutant plasmids. For instance, pTi-4, which contained a shorter deletion than pTi-5, was more intensively Rep-than was pTi-5. Furthermore, a given repAB deletion mutant displayed a different class of Rep-phenotype, depending on the polarity, indicating that the Rep function of such deletion mutants was influenced by the neighboring non-pTi DNA sequences. The direct effect caused by the absence of RepA and RepB (pTi-9 and pTi-10) was only feeble (Rep-') and, therefore, the strong defects caused by deletions in repAB (pTi-3, pTi-4, and pTi-5) seemed to be chiefly due to the lack of some cis-acting function(s) (see below) rather than to the lack of the RepA and RepB functions themselves. Generally, a deletion mutant with polarity II was more intensively Repthan was the same mutant with polarity I (Fig. 1) . On the other hand, the corresponding deletion mutants constructed with the pAO260 vector instead of with the pAO254 vector showed the opposite polarity dependency (kan and lacZ, were oriented head-to-head in pAO254 and head-to-tail in pAO260, and polarity II was always defined as the same direction of rep as lacZj), that is to say, a chimeric plasmid in which the rep genes were properly positioned downstream of kan exhibited a weaker Rep-phenotype, regardless of the direction of lacZa, (unpublished data). Thus, the transcription readthrough from kan seems partially to substitute for the cis-acting function(s) determined by the deleted portions in the repAB mutants. This might result from the activation of the replication origin, as was observed with the bacteriophage lambda and E. coli origins (4, 15) , or from a higher expression of repC than that from its own promoter alone. The cis-acting function(s) might originally be provided by the promoters for repA and repB. As was suggested from the reduction of plasmid DNA pTi-2 and pTi-5 exerted incompatibility toward pAO359, pAL2821, pTiC58, pTiA6, and pTiB6S3 by either expelling the resident plasmid or forming a cointegrate with the resident plasmid. When pAO359 was introduced into cells harboring pTi-2 or pTi-5, the resident plasmids were ejected by the incoming plasmid, indicating that they are sensitive to incompatibility exerted by pTi]36S3. Therefore, it was concluded that both the incompatibility determinant(s) and its target site, which might overlap with each other, were present on the 1.8-kb HindIII-SpIl region. In addition, we recently found that a small DNA fragment encompassing the spacer between repB and repC exerted incompatibility toward pTiB6S3, although it could no longer replicate by itself. A corresponding DNA fragment derived from pRiA4b also displayed incompatibility toward the parental pRiA4b (manuscript in preparation). Competition for the RepC initiation protein at the replication origin and/or the repC promoter might be the actual cause of the incompatibility of pTi and pRi.
pTi-2 was lost in bacterial cells carrying supervirulent pTiBo542 at a considerable frequency, as if it were a Repm utant, suggesting that these two plasmids are partially incompatible. Since this result is inconsistent with an earlier report that parental pTiB6S3 is completely compatible with pTiBo542 (13) , this phenomenon might be specific for pTi-2; it is also possible that the pTiBo542-carrying strain, AT1018, which has a chromosomal background nonisogenic with GV3101, is partly defective in pTiB6S3 replication.
Although pTiB6S3 and pRiA4b were completely compatible and their respective miniplasmids also were compatible, the gene size, organization, and possible functions of the replicator region in the two plasmids were nearly identical (17) . However, the amino acid sequence of each Rep protein was not well conserved, and no complementation was detected between the Rep functions of these two plasmids. Thus, it appears that the three Rep proteins of pTi and pRi are functionally too specialized to support complementation, although the unlikely possibility that RepABC proteins are all cis acting cannot be completely ruled out at present. These results are in contrast to the fact that the structure and function of vir genes are well conserved and mostly complementary between the two plasmids (5, 8) .
In plant genetic engineering technology, the binary vector strategy has commonly been used (e.g., see references 1 and 6). Generally, one plasmid derived from pTi is a supplier of Vir function, and the other plasmid carries T-DNA border repeats flanking cloning sites. In most cases, the latter is a broad-host-range plasmid vector derived from either RK2 or pSa. Such vectors, which are generally larger than 15 kb because of the relatively large size of their replicators, are lost from Agrobacterium cells at a higher frequency than are the mini-pTi or mini-pRi plasmids described here (unpublished data). Furthermore, these chimeric miniplasmids are about 7 kb long, easily allowing the cloning of foreign DNA fragments. Therefore, these chimeras are good candidates for Agrobacterium vectors. Two sets of vectors that are completely compatible with each other are now available.
Using these, we generally obtain better results in complementation analyses with mini-pTi chimeric vectors than with RK2-based vectors (manuscript in preparation).
